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Abstract 

The aim of the current research was to identify and develop an ideal delivery system in order to protect the 
vitamin from gastrointestinal conditions. For this purpose, vitamin loaded Alginate-Whey protein micro gels 
(AL-WPC MGs) developed as a biopolymer carrier. This microcapsule was examined in terms of morphology, 
¢-potential particle size and distribution, encapsulation and delivery efficiency, and in vitro gastric and 
intestinal digestions. Absorbance method was used to monitor B-complex vitamins release over time at the 
simulated gastrointestinal conditions. Release experiments illustrated beneficial attributes for these 
microspheres. Release mechanism was predicted by using various kinetic equations. Results indicated that the 
most of the fabricated spherical shaped AL-WPC MGs was under 100 1m in size, and these microcapsules had 
an excellent and moderate stability in gastric and intestinal conditions, respectively. It was found that the 
highest vitamin release rate occurs in the simulated gastric-intestinal situation, and type of the vitamin had a 
slight effect on the release rate and release profile. Kinetic models suggested that release from group B vitamins 
mainly was controlled by Fickian diffusion mechanism. In general, this research showed that the AL-WPC 
MGs protect the vitamin from gastric digestion and could be used as a delivery system. 

In previous works, a novel AL-WP MGs and use for different active agent encapsulation was developed, 
while the final purpose of this work was to study the vitamin release mechanism from AL-WPC MGs at the 
gastro—intestinal situation. Accordingly, this microcapsule showed the highest vitamin release rate at the 
simulated intestinal situation. This high release could be due to instability of alginate in neutral pH, and also 
enzymatic digestion of whey protein. The better release of vitamin at intestinal condition is desirable to achieve 
the nutrient effect during food consumption. This micro gel therefore appears to be potentially beneficial as 
digestion delivery vehicles for bioactive compounds in the food and nutraceuticals industry as well as non- 
food industry. 
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Introduction 

Vitamins as a micronutrient are a group of 
organic compounds that are needed in small 
quantities for the body metabolism to work 
properly and stay healthy. Vitamins are 
classified into two categories including fat 
soluble (vitamins A, D, E, and K) and water 
soluble (vitamins C and the B-complex 
vitamins). Water-soluble vitamins are a 
sensitive and cannot stay in body. One of the 
water-soluble vitamins are the group B (or B 
complex) vitamins, which has vital roles in 
metabolic processes such as a red blood cell 
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formation and energy production. B-complex 
vitamins classified into 8 categories including 
B; (thiamine), B2 (riboflavin), B3 (niacin), Bs 
(pantothenic acid), Be (pyridoxine), B7 or H 
(biotin), Bo or Bi of M _ (folate), Biz 
(cobalamin) (LeBlanc et al., 2011; Beck, 2001; 
Molina et al., 2009). Many cereals are one of 
the richest sources of B complex vitamins; 
however fish, poultry, meat, eggs, dairy 
products, Leafy green vegetables, beans, peas 
also has a good level of group B vitamins (Moll 
and Davis, 2017; Beck, 2001). 
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Many of these nutrients are essential to 
regulate vital biochemical reactions in the cell 
and cannot synthesize in the living organisms 
or synthesize in insufficient level; therefore, 
most of them should be provided by diet. In the 
recent decade, vitamin deficiencies occur in 
many societies because of malnutrition or 
unbalanced diets; thus, fortification of food 
with vitamins is necessity. Although most of the 
natural food substance (unprocessed food) has 
enough vitamin level; but usually food 
processing and storage cause the greatest 
vitamin loss. When, food passing from 
gastrointestinal system, nutrient exposed to the 
hard condition such as an acidic pH and easily 
destroyed. Due to the decreasing of vitamin 
loss, there is a need for encapsulation of these 
micronutrients to protect them from processing, 
storage and gastrointestinal conditions and also 
any undesirable interaction or reaction with the 
environment. This capsule must intelligently 
act to achieve a lower gastric release but a faster 
intestinal release (LeBlanc et al., 2011; Beck, 
2001; Moschona and Liakopoulou-Kyriakides, 
2018; Abbasi et al., 2018). 

Encapsulation is the best delivery vehicle 
that enables enhanced the stability and 
bioavailability of an active agent against the 
gastrointestinal conditions. Such entrapping 
vesicular system could release their core 
material from semi porous shell under the 
specific situation (namely controlled release). 
Various shell materials and different methods 
are being used by researchers for fabrication of 
special delivery systems that typically have to 
be particularly designed for each application; 
however, some of them are effective, safe, 
cheap, and applicable (Cheong et al., 2016; 
Fani et al., 2017; Jafari, 2017; Zandi et al., 
2014; Zandi and Mohebbei, 2014; Zandi et al., 
2017; McClements, 2015; Oehlke et al., 2014; 
Zhang et al. 2016). Recently, food grade 
protein- polysaccharide interaction as a 
promising delivery vehicle has been 
considerable interest. Lately, Alginate-Whey 
protein micro gels (AL-WP MGs) used as 
biopolymer carriers and candidate for targeted 
release system. AL-WP MGs are soft and small 


particle that usually less than 100 um in size 
(Lamas et al., 2001). 

AL-WP MGs were made via whey protein 
isolated (or whey protein concentration) and 
sodium alginate using emulsification/ internal 
gelatin method. Whey protein is extensively 
used as food ingredients because they have 
unique properties include high nutritional 
values, water-binding, foaming stabilizing, 
emulsion stabilizing, good gel producing, and 
thickening properties. Whey protein may be 
used as carriers for hydrophobic substances in 
food products and pharmaceutical (Leon et al., 
2018) (Abbasi et al. 2018). The alginate 
polymer consists of linear copolymers of B-(1- 
4) linked D-mannuronic acid and a-(1-4)-linked 
L-guluronic acid (G) residues which is able to 
form pH-sensitive and temperature- 
independent hydrogels. This attractive polymer 
could be used as a component of a delivery 
matrix for lipophilic active and bio-active 
agents (Ni et al., 2015). Ionic crosslinking with 
cations (ionic gels) or acid precipitation (acidic 
gels) are used as two methods for alginate gel 
formation (Ching et al., 2017; Koutina et al., 
2018; Bouyer et al., 2012). For active agent 
encapsulation, sodium alginate solution 
containing the bioactive is injected into whey 
protein solution that results in the formation of 
soft and moist cold AL-WP MGs (Zhang et al., 
2016). Due to AL-WP MGs mechanical and 
viscoelastic properties; these types of 
microcapsules could use for the nutrient (Zandi, 
2017; Zandi et al., 2017) flavors (Zandi et al., 
2014), Drug and other active and bioactive 
agents (Zandi et al., 2017; Abbasi et al., 2018; 
Chen and Subirade, 2006) encapsulation in a 
wide range of research and _ industry 
applications (Zhang et al., 2015; Zhang et al., 
2016). AL-WP MGs can protect the vitamin 
from the acidic situation in the stomach and 
make them available in the intestines for 
increased bioavailability (Wichchukit et al., 
2013). 

In prior works (Zandi, 2017; Zandi et al. 
2014; Zandi et al., 2017; Zandi and Mohebbei, 
2015) we developed novel AL-WP MGs and 
use for different active agent encapsulation. 
Such microspheres should be degraded by 
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intestines condition, allowing vitamin release. 
The model vitamin were group B vitamin. For 
this purpose, release mechanism, kinetic and 
profile of an encapsulated any vitamins through 
the AL-WP MGs shell at the gastrointestinal 
situation was investigated by 
spectrophotometry technique; then kinetic 
models were fitted to the experimental release 
data for release kinetic prediction. Finally, the 
influence of consumption condition on the 
encapsulation, retention and release of the 
vitamins were then measured. 


Method and material 

Whey protein concentrate with 80% protein 
and 4% moisture content was purchased from 
Davisco Foods International Inc. (USA). 
Sodium alginate (sodium salt, 99.5%), sodium 
hydroxide, potassium dihydrogen phosphate, 
hydrochloric acid, sodium bicarbonate, 
analytical grade pepsin and _ pancreatic 
enzymes, calcium chloride (Sigma Aldrich, St. 
Louis, MO; > 93%) and deionized water of 
resistivity 18.2 MQ-cm were purchased from 
the Sigma Chemical Company (St. Louis, MO, 
USA). Tween 80 (Fluka, Switzerland), 
sunflower oil (from the supermarket), sodium 
chloride (Fluka) were used without further 
purification. Thiamine, riboflavin, niacin, 
pantothenic acid, pyridoxine, folate, biotin and 
cobalamin were supplied by Sigma Chemical 
Co., (St. Louis, MO, USA). Double distilled 
water was used to make all solutions. All other 
reagents were of analytical grade and acquired 
from Merck co (Germany). 


AL-WP MGs fabrication via Ultrasonication 

AL-WP MGs loaded with group B vitamin 
was prepared based on Zandi et al. (2014, 2017) 
technique with slighted modification. 2% (w/v) 
Alginate (AL) solution and 8% (w/v) Whey 
Protein concentrate (WP) was prepared by 
dissolving both ingredients separately in 
deionized water at room temperature under 
mild agitation for 1 h using a magnetic stirrer 
(KA Werke GmbH&Co. KG, model RH basis). 
The resulting solution was held overnight at 4°C 
to ensure complete and proper hydration of the 
components. WP solution adjusted to pH= 8 


and was left at room temperature for 2 h, then it 
was heated at a temperature controlled water 
bath at 80°C for 30 min to denature and 
aggregate the WP. Heating stage facilitates the 
formation of stable WP emulsion structures. 
WP solution was cooled and kept at room 
temperature for 2 h. then WP (80% wt) and AL 
(20% wt) were mixed and stirred for 30h at 
room temperature. The obtained formulation 
was allowed to stand overnight at 4°C . To 
prepare VitB- AL—WP emulsion, AL—WP 
solution (20% v/v), Tween 80 (0.05% v/v)), 
group B vitamin (0.05% v/v) and sunflower oil 
(20% v/v) were blended and stirred with a high- 
speed blender (Ultra Turrax digital T25, IKA- 
Werke, Germany) for 5 min at 8,000 rpm. For 
sustained release experiments, B complex 
vitamins prepared under minimum light 
exposure to prevent vitamin degradation. 

To prepare emulsion containing Ca, 
sunflower oil (60% v/v), tween 80 (0.05% v/v) 
and calcium chloride solution 0.1 M (0.05% 
v/v) were subjected to ultra-sonication at a 24 
kHz frequency with 50% of amplitude for 5 min 
(Hielscher UP400S, Germany). To form a 
micro gel, 32 ml of emulsion containing Ca was 
gently added to the 120 ml of VitB- AL-WP 
emulsion and blended for 20 min at 100 rpm; 
then 50 ml of calcium chloride solution 0.05 M 
was added to resulted emulsion. After complete 
partitioning of droplets to the aqueous phase 
(about 40 min), white sediment was separated 
from the creamed oil and they were washed 
with the solution of calcium chloride 0.05 M 
and tween 1%. Finally, fabricated AL-WP MGs 
were filtered using a Millipore glass vacuum 
filtration system with 0.65 um cellulose nitrate 
membranes filter (ALBET). The obtained AL- 
WP MGs containing vitamin were used 
immediately to minimize loss of active agent. 


AL-WP MGs Characterization 

Particle size measurements 

The average hydrodynamic diameter and 
particle size distribution of the AL-WP MGs 
were determined on fresh diluted samples using 
dynamic light scattering (Zetasizer Nano ZS, 
Malvern Instruments, Worcestershire, UK). 
Also, sizes were measured via an optical 
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microscope equipped with a digital camera; 
AL-WP MGs diameters estimated were by 
image J software (version 1.46r). 


AL-WP MGs morphology 

The microstructure of the dried AL-WP 
MGs coated using platinum was examined 
using Leo 1450VP SEM microscope at 5.0 kV. 
Shape and structure of AL-WP MGs were 
acquired with Olympus BX41 transmitted light 
microscope equipped with a Nikon digital 
camera (Nikon Corp., Tokyo Japan). 


¢-potential measurements 

C-potential of AL-WP MGs were examined 
via Malvern Instruments Zetasizer Nano ZS 
device (Malvern Ltd., UK) using the clear 
solution of microsphere. All experiment were 
conducted in three separated injections. 


Encapsulation and delivery efficiency 

The encapsulation efficiency (EE, %) was 
determined by dividing the amount of vitamin 
encapsulated (VE) to the total amount of 
vitamin (TV) (Zandi, 2017): 
EE(%) = — x 100 (1) 


The delivery efficiency (DE) is a capability 
of the microcapsule to delivery active agent at 
special condition; this parameter was calculated 
from the initial (VI) and final (VF) masses of 
encapsulated vitamin (Zandi, 2017): 


DE(%) = ~~F x 100 (2) 


VI 


Simulation of gastrointestinal condition 

The artificial gastric and intestinal fluids 
were prepared using Zhang et al. (1981) 
instruction. The produced simulated intestinal 
fluid consisted of 10 g of pancreatin and 0.05 
mol of potassium dihydrogen phosphate at 
pH=7. Simulated gastric fluid was prepared by 
dissolving 2 g of sodium chloride and 3.2 g of 
pepsin in deionized water at pH=3. 

In vitro AL-WP MGs release studies 

Release study through the AL-WP MGs 
shell was investigated at the three different 
media, including (Zandi, 2017): 


Simulated gastric condition 


Incubation of 1 g of the wet capsule with 9 
ml of the simulated gastric fluid at the 37°C 
(pH=3) for 150 min with shaking (500 rpm). 


Simulated intestinal condition 

Incubation of 1 g of the wet capsule with 9 
ml of the simulated intestinal fluid at the 37°C 
(pH=7) for 210 min with shaking (500 rpm). 


Simulated gastric-intestinal condition 

first, incubation of 1 g of the wet capsule 
with 9 ml of the simulated gastric fluid at the 
37°C (pH=3) for 150 min with shaking (500 
rpm), and then added 10 ml of the simulated 
intestinal fluid to the mixture and incubation the 
37°C (pH=7) for 210 min with shaking (500 
rpm). 

The concentration of the Group B vitamins 
in the surrounding aqueous phase was measured 
at various time intervals (30 min) by 
spectrophotometry method via WPA 
Lightwave s2000 UV-visible  spectro- 
photometer, (Centerville, VA, U.S.) equipped 
with a silica cuvette. Sample was filtered 
through 0.22-Im _ Biofil syringe _filter. 
Absorbance of final sample at 246 (Ghasemi 
and Abbasi, 2005), 445 (Chen and Subirade, 
2006), 464 (Nwanisobi and Ukoha, 2016), 288 
(Khateeb, et al., 2015), 292 (Ghasemi and 
Abbasi, 2005), 285 (Ghasemi and Abbasi, 
2005), 348 (Walash et al., 2008) and 317 
(Bruno, 1981) nm were obtained for Thiamine, 
riboflavin, niacin, pantothenic acid, pyridoxine, 
folate, biotin and cobalamin, respectively. 
Standard solution of vitamin and deionized 
water were used as a calibration sample and 
zero reference respectively. The AL-WP MGs 
studies were was repeated three times to verify 
reproducibility. 


AL-WP MGs release Kinetics 

In the present research, AL-WP MGs release 
profile was interpreted with various 
mathematical models (Dash et al., 2010; Zandi 
et al., 2014) 


Zero order model: C; = Co + Kot (3) 


C; is the amount of vitamin released at time 
t, Co is the initial concentration of d vitamin rug 
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at time t = 0, and Kop is the zero-order rate 
constant. 


First order model:logC, = logC) - 


2.303 


(4) 


K, is the first order rate constant (time’! or 
per hour). 


Korsmeyer -Peppas model: 
log( < ) = logKx, + nlogt (5) 


C.. is the amount of vitamin released after 
time 00, Kx, is the Korsmeyer release rate 
constant, and n is the diffusional exponent or 
drug release exponent. 


Kopcha model: C, = AX t°5+Bxt (6) 
A and B are the Kopcha constant, and t is the 
time. 


Statistical analysis 

Experiments were analyzed using a 
completely randomized design with repeated 
measures with the significance level set at 
p<0.05. All statistical analyses and Duncan’s 
post hoc test were carried out at least in 
triplicate using the SPSS 21.0 statistical 
software (IBM Corporation, New York City, 
New York, United States) and graphs’ error 
bars were obtained. All data fittings were 
accomplished using Matlab software (R2007), 
and the best model was identified by measuring 
the correlation coefficient of determination 
(R’). 

Results and discussion 

AL-WP MGs Characterization 

Scanning Electron Microscopy (SEM) 
image obtained for the fabricated AL-WP MGs 
are depicted in Fig. 1. 
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Fig. 1. Scanning Electron Microscope (SEM) images of the vitamin encapsulated AL-WP MGs. 


Inspection of images shows that the shape of 
AL-WP MGs were found to have an almost 
spherical structure with smoothed and porous 
shell. This structure probably was developed by 
the cross-linking of whey protein and alginate 


by using carboxyl groups (Zandi et al., 2014). 
Spherical shape was formed due to the exposing 
of the hydrophilic and hydrophobic the whey 
protein side chains, respectively, to the solution 
and core (Zandi, 2017). As shown in Fig. 2, 
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optical micrograph of AL-WP MGs obtained 
from light microscopy images confirmed the 
SEM results. Moreover, it can be seen that most 


e) 


of the resulted AL-WP MGs are under 100 um 
in size. 


O 
30 
O 


mn na 
Fig. 2. Optical micrograph of the vitamin encapsulated AL-WP MGs. 


The mean diameter of AL-WP MGs were 
obtained by two different methods. The mean 
diameter of microcapsule was calculated via 
image analyzing technique from optical images 
using ImageJ software (version 1.46r). In this 
software the equivalent size of AL-WP MGs as 
the diameter of a circle with equal area were 
estimated. Image processing results revealed 
that the diameter of AL-WP MGs range varying 
between 40-95 um with an average diameter of 
75+ 1.3 um (mean value+ SD for n= 50). The 
size of AL-WP MGs was less than the size 
range reported by our previous research and 
other studies (Zandi and Mohebbei, 2015; 
Zandi, 2017; Zandi et al., 2017; Chen and 
Subirade, 2006). This decreased in the mean 
diameter might be related to the slight 
modification the AL-WP MGs fabrication 
technique and using sonication by ultrasound. 
This difference confirms that emulsification by 
ultrasound generally results in average 
diameters smaller than those obtained with 
mechanical agitation (Leon ef al., 2016). By 
increasing the rate or/ and time of 
emulsification process, smaller micro gel size 


can be generated. Particle size distribution 
curve of AL-WP MGs obtained by dynamic 
light scattering (DLS) are depicted in Fig. 3. Ity 
can be seen that the fabricated AL-WP MGs 
ranging from 35 to 98 um in size with the mean 
hydrodynamic diameter 75+ 1.3m. This result 
has a good correlation with the image 
processing finding. 

The C-potential of AL-WP MGs as a 
function of pH (acidic [gastric] and neutral 
[intestinal] conditions) were measured. 

C-potential typically ranges between -100 to 
+100 mV, and was used to assess the potential 
stability (Abbasi et al, 2018). For small 
particles, a higher C-potential (negative or 
positive) will confer stability. So, particles with 
high C-potential are electrically stabilized while 
particles with low C-potential tend to coagulate 
or flocculate. The ¢-potential values of the AL- 
WP MGs were abound -68 mV at pH=3 (gastric 
condition) followed by -14 mV for pH =7 
(intestinal situation). These measurements 
illustrated that the pH had a significant (P<0.05) 
effect on the AL-WP MGs’ stability, and these 
microcapsules had an excellent and moderate 
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stability in gastric and intestinal condition, 
respectively. McClements mentioned _ that 
multilayered emulsion as a microcapsule have 


ata 


<u 


18 
id 


improved stability to environmental stresses 
than those stabilized by one-layered shell 
(McClements, 2004; Abbasi et al., 2018). 
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Fig 3. Particle size distribution curve of AL-WP MGs. 
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efficiency of AL-WP MGs 

Encapsulation efficiency is often defined as 
the total amount of vitamin encapsulated in 
AL- WP MGs with respect to the total amount 
of the vitamin used. The encapsulation 
efficiency of AL- WP MGs loaded by thiamine, 
riboflavin, niacin, pantothenic acid, pyridoxine, 
biotin, folate, and cobalamin are shown in 
Table 1. As seen in Table 1, encapsulation 
efficiency ranged between 68.89 and 80.46%. 
Vitamin losses during encapsulation can be 
affected by the vitamin solubility, sonication 
time, active agent volatility, microcapsule’s 
shell composite and porosity and emulsifier 
(Zandi, 2017; Abbasi et al., 2018; Ghorbanzade 
et al., 2017). Since B complex vitamins are a 
low molecular weight water-soluble vitamins, 
its losses during the AL- WP MGs washing step 
is unavoidable. In current study, lower 
encapsulation efficiency was obtained for the 
thiamin encapsulated AL- WP MGs. About 
30% of thiamin was lost because of the higher 
solubility compared to the other B complex 


vitamins. Results showed that AL-WP MGs 
contained cobalamin and riboflavin has a higher 
encapsulation efficiency. Generally it has been 
reported that the decreasing of solubility and 
sensitivity, results in better encapsulation 
efficiency and therefore a greater preservation 
of bioactive substances. 

The Delivery Efficiency (DE) is a capability 
of the AL-WP MGs to deliver the vitamin at 
gastric, intestinal and — gastric-intestinal 
conditions (Table 1). As seen in table 1, 
delivery efficiency ranged between 21.12 and 
89.43% for various vitamins and different 
release situations. It was shown that the 
delivery efficiency of the AL-WP MGs was 
higher at simulated gastric-intestinal condition. 
The lower delivery efficiency reflected a 
greater resistance to vitamin release. The better 
delivery efficiency of the vitamin at gastric- 
intestinal condition is desirable to provide a 
better protection to the bioactive component in 
the stomach and a relatively fast release in the 
intestine. 
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Table 1. Encapsulation Efficiency (EE) and Delivery Efficiency (DE) of AL-WP MGs loaded by thiamine, 


riboflavin, niacin, pantothenic acid, pyridoxine, biotin, folate, and cobalamin. 


AL-WP MGs EE (%) DE at gastric DE atintestinal DE at gastric-intestinal 

loaded by vitamin condition (% ) condition (%) condition (%) 
Thiamine 68.8942.13 21.12+0.89 46.21+1.09 80.25+1.62 
Riboflavin 80.464+1.47 26.31+41.12 48.16+1.35 87.744+1.59 
Niacin 76.7141.12  29.11+0.78 50.79+0.72 92.43+0.97 
Pantothenic acid =71.64+1.87 23.75+1.24 47.84+1.59 84.74+0.86 
Pyridoxine 70.284+1.65 = 27.98+1.31 48.21+1.42 89.69+1.10 
Biotin 73.3641.04  24.78+0.96 47.25+0.65 82.31+1.45 
Folate 69.75+1.59  22.43+1.07 46.34+1.26 79. 45+1.72 
Cobalamin 77.13+1.56 _28.68+0.93 49.57+1.12 88.18+1.32 


In Vitro AL-WP MGs Release Studies 
In this section, the effects of the release 
media on the released percentage from the 


AL-WP MGs was investigated. Vitamin release 
rate (%min) for various conditions are shown in 
table 2. 


Table 2. Vitamin release rate (%/min) for various conditions 


AL-WP MGs release rate (%/min) at various conditions (% + SD) 
loaded by vitamin _ Gastric condition Intestinal condition Gastric-intestinal condition 
Thiamine 0.1408+0.013 0.2200+0.012 0.2229+0.009 
Riboflavin 0.1754+0.035 0.2290+0.009 0.2437+0.011 
Niacin 0.1940+0.024 0.2389+0.010 0.2567+0.015 
Pantothenic acid 0.1583+0.015 0.2275+0.008 0.2353+0.013 
Pyridoxine 0.1865+0.023 0.2329+0.015 0.2491+0.018 
Biotin 0.1652+0.018 0.2243+0.014 0.2286+0.017 
Folate 0.1495+0.025 0.2231+0.021 0.2206+0.021 
Cobalamin 0.1876+0.019 0.2340+0.013 0.2449+0.011 


The in-vitro vitamin release experiments 
were accomplished in three different simulated 
conditions, including gastric, intestinal and 
gastric- intestinal. As expected, release media 
significantly (P<0.05) influenced the vitamin 
release rate and release profile from AL-WP 
MGs. This microcapsule showed the highest 
vitamin release rate at the simulated gastric- 
intestinal situation. This high release could be 
due to instability of alginate in neutral pH, and 
also enzymatic digestion of whey protein. 
Potent electrostatic interaction between whey 
protein and alginate in the microcapsule shell 
caused the stability of AL-WP MGs at the 
simulated gastric condition (pH=3) (6) (39). 
Zhang et al. (2016) reported that the protein- 
polysaccharide interaction depended on the 
molecular charge oof protein and 
polysaccharide. Three main reasons could find 
for the WP MGs’ stability at the stomach. First 
constancy of alginate in the acidic media, 


second, different electrical charge of the whey 
protein and alginate at acidic conditions and 
finally, protection effect of the alginate on the 
whey protein against the gastric enzymes 
(especially pepsin) via viscosity increasing 
(Zhang et al., 2016; Abbasi et al., 2018; Zandi, 
2017; Zhang et al., 2016; Deat Lainea et al., 
2012). Whey protein and alginate strongly 
have tended to attract and repel each other at 
acidic and neutral pH, respectively. Therefore, 
AL-WP MGs at the neutral pH (i.e. intestinal 
condition) probably had an open structure with 
more and larger pores. This structure may be 
responsible for the faster release in the 
simulated intestinal condition (Zhang et al., 
2016). Our release results is in agreement with 
the pervious researches (Zandi, 2017) (Zhang, 
et al., 2015) (Chen and Subirade, 2006). It was 
found that type of the vitamin had a slighter 
effect on the release rate and release profile. 
The result indicated that vitamin release rate 
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was increased with increases vitamin 
solubility. 

Fig. 4 shows the typical profile of vitamin 
release from AL-WP MGs (for biotin). The 
release profiles were built by plotting the 
cumulative vitamin release percentile versus 


the release time. As clearly seen, the vitamin 


release profile has a two curve with the 
different slope. First, quick burst releases, and 
then a slow diffusion starts to release. Rapid 
release mainly occurs from holes and pores, 
and slow release corresponded to the diffusion 
mechanism through the AL-WP MGs’ shell. 
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Mathematical modeling for vitamin release 
kinetics 

To investigate the vitamin release from AL- 
WP MGs at various situations, mathematical 
modeling was accomplished via various kinetic 
equations (including Zero Order model, First 
order model, Korsmeyer —Peppas model, and 
kopcha model) (Table 3, 4, 5). These kinetic 
equations were used to the vitamin release 
mechanism recognition, release rate prediction, 
and vitamin release physics understanding. For 
this purpose, experimental release data were 
fitted to the various kinetics models, and the 
best one was selected according to the 
regression coefficient evaluation. As_ seen, 
vitamin release profile was non-linear and 


Fig. 4. Biotin release profile with fitted model (first-order model) at various release conditions. 


doesn’t follow zero-order model (R* between 
21.43-36.72 in Table 3, 4, and 5). 

The modeling results indicated that the first- 
order model could be the best describe for 
group B vitamins with R* between 97.43- 
99.15. However, the other mathematical model 
that best described vitamin releases from AL- 
WP MGs were Korsmeyer— Peppas model and 
kopcha model with R? values greater than 
0.842. As observed in Table 4, _ the 
Korsmeyer—Peppas release exponent (n) 
ranged between 0.1014- 0.4313 which confirms 
that fickian diffusional release is the main 
mechanism. n is the diffusional exponent or 
drug release exponent. Hence, n value is used to 
characterize different release mechanisms; 
when the Korsmeyer— Peppas release exponent 
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is less than 0.5, Fickian diffusion is the main 
mechanism for vitamin release. For more 
information about release mechanism, kopcha 
model was used. In this kinetic model, A and B 
are diffusional and erosional terms 
respectively. When A/B ratio is greater than 1, 
then fickian diffusional is the main mechanism 


of release. For this purepose must be A 
component far greater than B component. As 
seen in Table 4, the Korsmeyer— Peppas and 
Kopcha models suggested that release from 
group B vitamins mainly was controlled by 
Fickian diffusion mechanism. 


Table 3. Results of model fitting of vitamin release from AL-WP MGs in simulated gastric condition 


Kinetic Models 
AL-WP MGs _ Zero order First order Korsmeyer -Peppas Kopcha 
loaded by vitamin Ky R? K, R? Kxp n R? A B R? 
Thiamine 0.2312 25.36 0.0831 97.83 0.2653 0.1543 89.43 0.1998 -0.0231 95.93 
Riboflavin 0.1321 27.85 0.1284 97.43 0.3214 0.2115 88.65 0.2111 -0.0344 97.15 
Niacin 0.1432 21.43 0.1543 97.54 0.4321 0.2419 89.93 0.2243 -0.0451 96.49 
Pantothenic acid 0.2127 29.43 0.1321 98.29 0.4215 0.1126 90.21 0.2831 -0.0387 98.54 
Pyridoxine 0.2657 25.68 0.1654 99.08 0.3614 0.2078 89.67 0.2567 -0.0421 97.73 
Biotin 0.2981 34.58 0.1023 98.43 0.3812 0.2012 91.12 0.2113 -0.0426 98.15 
Folate 0.3021 36.71 0.0976 98.45 0.3314 0.2923 90.65 0.2017 -0.0349 96.31 
Cobalamin 0.3012 35.98 0.1215 99.01 0.4341 0.2877 91.48 0.2165 -0.0409 98.11 
Table 4. Results of model fitting of vitamin release from AL-WP MGs in simulated intestinal condition. 
Kinetic Models 
AL-WP MGs _ Zero order First order Korsmeyer -Peppas Kopcha 
loaded by vitamin Ko R2 K, R2 Kxp n R2 A B R? 
Thiamine 0.2921 28.45 0.1342 98.24 0.3654 0.2384 89.12 0.3123 -0.0317 97.47 
Riboflavin 0.3021 29.41 0.1541 99.04 0.4532 0.3876 88.96 0.3651 -0.0288 98.30 
Niacin 0.2121 32.31 0.1532 97.48 0.4431 0.2487 90.91 0.4567 -0.0412 98.57 
Pantothenic acid 0.2541 35.45 0.1245 99.11 0.4832 0.3421 90.24 0.3217 -0.0406 97.26 
Pyridoxine 0.2632 33.21 0.2341 98.67 0.4211 0.2987 90.65 0.4213 -0.0321 99.01 
Biotin 0.2147 34.47 0.2126 97.19 0.3641 0.3218 89.36 0.2987 -0.0504 98.91 
Folate 0.3076 29.93 0.2376 99.10 0.3523 0.3991 88.67 0.2876 -0.0419 98.40 
Cobalamin 0.2431 28.54 0.2020 98.95 0.3971 0.3772 91.24 0.4965  -0.0287 98.75 


Table 5. Results of model fitting of vitamin release from AL-WP MGs in simulated gastric-intestinal condition 


Kinetic Models 


AL-WP MGs loaded Zero order First order Korsmeyer -Peppas Kopcha 

by vitamin Ko R? K, R? Kxp n R? A B R? 
Thiamine 0.2312 28.45 0.2851 98.76 0.4123 0.3217 89.67 0.4832 -0.0501 95.90 
Riboflavin 0.2465 39.31 0.4321 99.15 0.4982 0.4313 90.54 0.4751 -0.0365 98.74 
Niacin 0.4031 30.12 0.1243 98.45 0.5321 0.4215 90.36 0.4231 -0.0287 97.96 
Pantothenic acid 0.3126 28.98 0.2356 99.01 0.5412 0.3254 91.11 0.4034 -0.0391 98.52 
Pyridoxine 0.3216 34.23 0.2945 97.68 0.4321 0.3765 92.35 0.3657 -0.0402 98.01 
Biotin 0.3021 35.59 0.2542 98.24 0.3987 0.3821 91.70 0.3987 -0.0294 97.45 
Folate 0.2187 31.23 0.2098 98.99 0.4534 0.3954 92.16 0.3765 -0.0367 98.17 
Cobalamin 0.3476 32.91 0.4231 98.43 0.4673 0.4212 90.07 0.4112 -0.0299 98.50 

Conclusion fabricated AL-WP MGs were found to have an 


The focus of this work was to produce water- 
in-oil emulsion stabilized by whey protein and 
alginate to protect vitamin. Investigation of 
SEM image indicated that the shape of 


almost spherical structure with an average 
diameter of 75+ 1.3um. The C-potential 
measurements illustrated that the pH had a 
significant (P<0.05) effect on the AL-WP MGs’ 
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stability. Accordingly, this microcapsule 
showed the highest vitamin release rate at the 
simulated gastric-intestinal situation. This high 
release could be due to instability of alginate in 
neutral pH, and also enzymatic digestion of 
whey protein. The results indicated that fickian 
diffusional release is the main mechanism for 
group B vitamins from AL-WP MGs. These 
micro gel therefore appears to be potentially 


bioactive compounds in the food and 
nutraceuticals industry as well as non-food 
industry. 
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